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Studying the association betweenmealybugs and two bacterial symbionts, Husnik et al. (2013) demonstrated
that both integration of metabolic pathways across the partners’ genomes and horizontal gene transfer from
diverse bacteria into the insect host genome are integral to symbiosis.Symbioses between hosts and benefit-
conferring microbes are ubiquitous in
nature. Some of the best-characterized
symbioses are those between insects
and bacterial symbionts that comple-
ment the nutrient-poor diets of their
hosts. Sequencing of symbiont genomes
has confirmed that nutrient provisioning
is feasible because of the symbionts’
maintenance of genes necessary for
nutrient biosynthesis despite the loss of
many other genes in their highly reduced
genomes (McCutcheon and Moran,
2012). Prior to the availability of host
genomes, it was predicted that meta-
bolic pathway genes missing from sym-
biont genomes might be complemented
by host genes and further that symbiont
genome size reduction—similar to that
seen during the evolution of mitochon-
dria and chloroplasts—might be asso-
ciated with transfer of a portion of the
symbionts’ genomes into that of their
hosts. Availability of host genomes
and transcriptomes is now providing
critical data necessary to explore these
hypotheses.
Complementarity in Shared
Metabolic Pathways between Hosts
and Symbionts
The smallest known bacterial genome,
only 139 kilobase pairs in length, is that
of Candidatus Tremblya princeps, the
bacterial symbiont of the mealybug
Planococcus citri, a small insect that feeds
on plant sap (McCutcheon and von Doh-
len, 2011) (Figure 1). Amazingly, another
bacterial symbiont, CandidatusMoranella
endobia, resides within Tremblaya cells
(von Dohlen et al., 2001). The small gene
set of Tremblaya, therefore, could be
complemented by either genes within
the Moranella genome, as is the case for
other pairs of symbionts residing within
the same host (McCutcheon et al.,2009), or genes within the host mealybug
genome.
Recently, McCutcheon and von Dohlen
(2011) foundsupport for complementation
between the two symbiont genomes in
terms of essential amino acid biosyn-
thesis, the critical function of these symbi-
onts from the host’s perspective. Several
amino acid synthesis pathways require
gene products produced by each bac-
terium, with some yet unknown mech-
anism of movement of the gene prod-
ucts between symbionts and host. By
sequencing the genome of a Tremblaya
isolated from another mealybug species,
Phenacoccus avenae, which does not
host Moranella, Husnik et al. (2013)
confirmed that coresidence of Moranella
within Tremblaya facilitated Tremblaya’s
genome reduction. In this case, the Trem-
blaya genome is much less degenerate,
having the capacity to carry out many of
the biosynthesis steps that Moranella
completes in other hosts. Interestingly,
both when Moranella is absent and when
it is present, the symbionts are still
missing genes necessary for histidine
and lysine biosynthesis, suggesting yet
another source.
To test the hypothesis that eukaryotic
host genes are critical for complemen-
ting amino acid biosynthesis genes
missing in the two symbionts, Husnik
and colleagues demonstrated that sev-
eral nutrient biosynthesis-related genes
of eukaryotic origin are in the host
genome and are significantly upregulated
in specific insect cells called bacterio-
cytes where mealybugs store their sym-
bionts, relative to whole insect tissues
(Husnik et al., 2013). Overall, the host
insect appears to be directly involved
in production of seven amino acids.
There are, however, presumably critical
components of pathways that are still
elusive.Cell Host & MicroSuch host-symbiontmetabolic comple-
mentation is similar to patterns seen in
another insect host-bacterial partnership,
that between aphids and the nutrient-
provisioning bacterial symbiont Buchnera
aphidicola (Figure 1). In 2000, sequencing
the genome of Buchnera revealed that
the symbiont harbors most genes neces-
sary for essential amino acid biosynthesis
(Shigenobu et al., 2000). A decade later,
annotation of the pea aphid genome found
the missing genes within the host genome
(Wilson et al., 2010), and transcriptomics
(Hansen andMoran, 2011) confirmed their
expression within aphid bacteriocytes. It
is likely that this pattern will play out in
other insect-microbe associations. Crit-
ical next steps in understanding these
complex, shared pathways include eluci-
dating howhosts and symbionts transport
resources back and forth, and deter-
mining who, host or symbiont, has regu-
latory control over such processes. This
will require functional assays and work of
both molecular biologists and geneticists
to complement insights gained through
evolutionary genomics.
The Role of Horizontal Gene
Transfer in Symbiosis Evolution
It makes intuitive sense that horizontal
gene transfer from symbiont to host ge-
nomes could have facilitated the stream-
lining of symbiont genomes, as it did for
the streamlining of chloroplast and mito-
chondria genomes. However, investiga-
tions of both the aphid and mealybug
symbioses provide little support for this
hypothesis. In the case of aphids, phylo-
genetic analyses of two genes of bacte-
rial origin in the host genome suggest a
Buchnera origin, but neither of these
genes in functional (Nikoh et al., 2010).
Similarly, Husnik and colleagues found
no functional gene transfers from Trem-
blaya into the mealybug genome andbe 14, July 17, 2013 ª2013 Elsevier Inc. 1
Figure 1. Parallel Patterns of Genome Evolution in Two Insect Symbioses
(A and B) The mealybug, Planococcus citri, hosts two obligate bacterial symbionts, Candidatus Tremblaya princeps and CandidatusMoranella endobia; (B) the
pea aphid, Acyrthosiphon pisum, hosts one obligate bacterial symbiont, Buchnera aphidicola.
(C) Mealybug DNA is stained blue, Tremblaya DNA is stained green, and Moranella DNA is stained red.
(D) An aphid bacteriocyte, the cell where symbionts are stored, withBuchnera in green and the aphid nucleus in blue. (E and F) In both insect symbioses, there are
shared metabolic pathways, with enzymes encoded by both symbiont and host genomes critical for nutrient production.
(E) Schematic representation of tryptophan (Trp) and phenylalanine (Phe) biosynthetic pathways in the P. citri symbiosis (blue, enzyme encoded by eukaryotic
gene in host genome; green, enzyme encoded in Tremblaya genome; red, enzyme encoded in Moranella genome; purple, in both symbiont genomes). Other
pathways, not shown, include genes acquired in the host genome through horizontal gene transfer from bacteria.
(F) Schematic representation of the biosynthetic pathway involving conversion of aspartate (Asp) to threonine (Thr) to isoleucine (Ile) in the A. pisum symbiosis
(blue, enzyme encoded in aphid genome; green, enzyme encoded in Buchnera genome) (Wilson et al. 2010).
(G and H) Phylogenetic evidence suggests mealybug acquisition of the functional fused deaminase/reductase (RibD) gene fromWolbachia-like bacteria and (H)
aphid acquisition of the functional N-acetylmuramoyl-L-alanine amidase (AmiD) gene from Orientia-like bacteria (Nikoh et al. 2010). Image credits: Alex Wild
(mealybug), Ryuichi Koga (mealybug symbionts) and Honglin Feng (aphid bacteriocyte).
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event fromMoranella (Husnik et al. 2013).
Lack of obvious gene transfer from
current-day symbiont to host does not
preclude horizontal gene transfer influ-
encing the evolution of symbioses. Both
aphid and mealybug genomes have
incorporated functional genes from bac-
teria, just not from their obligate symbi-
onts. In both systems, bacterial sources
of transferred, functional genes include
common facultative (nonobligate) symbi-
onts of insects (Husnik et al., 2013; Nikoh
and Nakabachi, 2009; Nikoh et al., 2010).
Through analysis of host transcriptomes,
Husnik and colleagues identified over
twenty genes of bacterial origin ex-
pressed more highly in bacteriocytes
than in whole insect bodies, suggesting
a role in the symbiosis (Husnik et al.
2013). Remarkably, these horizontally2 Cell Host & Microbe 14, July 17, 2013 ª201transferred genes complement genes
missing in the symbionts’ genomes and
include genes involved in bacterial cell
wall maintenance and nutrient synthesis,
providing yet another origin of genes
involved in metabolic complementation.
This contrasts the functional, transferred
genes within the aphid genome, which
do not include genes involved in nutrient
synthesis but interestingly do again
include genes potentially involved in bac-
terial cell wall maintenance and degrada-
tion (Nikoh and Nakabachi, 2009; Nikoh
et al., 2010).
None of the bacteria suggested to be
sources of horizontally transferred genes
in the mealybug genome are known to
reside in extant mealybugs, suggesting
that historical associations played critical
roles in shaping host genomes and sym-
bioses. Did these horizontal gene transfer3 Elsevier Inc.events predate the symbiosis, potentially
facilitating the establishment of the sym-
bionts within hosts? Or, though arriving
into the system later, did these genes
shape further evolution of the symbiosis
and the symbiont genomes? Answering
these questions will require genomic
interrogation of other mealybug species
(and their symbionts) as well as closely
related insect symbioses. Future work
hopefully will be able to functionally test
the roles of these genes in symbiont
maintenance and symbiont population
regulation.
Something Unique about Insect
Symbioses?
In both the case of metabolic pathway
complementation and the case of hori-
zontal gene transfer, it will be interesting
to see if patterns observed in aphids and
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sis-associated genome evolution in other
animal and plant systems. While nutri-
tional symbioses are ubiquitous across
insects, other intimate host-microbe
associations could undergo similar pro-
cesses of complex genome evolution
and integration.
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In this issue of Cell Host & Microbe, Deriu et al. present a mechanistic explanation underlying the benefits of
certain probiotic bacteria. Intestinal bacteria compete for the essential nutrient iron, leading to replacement
of pathogenic Salmonella by the probiotic Escherichia coli Nissle, which is better equipped with iron acqui-
sition systems, and resolution of infectious colitis.Iron homeostasis plays a decisive role
in host-pathogen interactions and the
course of infection (Cassat and Skaar,
2013; Nairz et al., 2010). This is, on the
one hand, due to the fact that iron is an
essential nutrient for microbes, whereas
this metal also exerts subtle effects on
host immune function. Specifically, iron
is central for several metabolic processes
in eukaryotic and prokaryotic cells and,
thus, is essential for the growth of micro-
organisms, including bacteria, viruses,
parasites, etc. (Cassat and Skaar, 2013;
Nairz et al., 2010). To ensure a satisfac-
tory supply of iron, microorganisms have
evolved different strategies for acquiring
this metal, which is available in their
environments in different forms. Such
acquisition strategies include iron uptake
by specific metal transporters and sidero-
phores, the latter of which are produced
and released by certain bacteria or fungi
in order to scavenge extracellular iron
and redeliver the metal to the microbe.Accordingly, the expression of such iron
uptake systems by microbes has been
linked to their pathogenicity (Andrews-
Polymenis et al., 2010).
On the other hand, iron exerts subtle
effects on immune function by affecting
the proliferation and differentiation of
immune cells, and, in addition, iron avail-
ability both positively and negatively regu-
lates host immune responses (Nairz et al.,
2013; Nairz et al., 2010). This latter Janus-
faced role of iron is due to the ability of this
metal to promote the formation of antimi-
crobial reactive oxygen species within
phagocytes and neutrophils but also
inhibit proinflammatory and interferon-g
(IFN-g)-driven immune responses by
macrophages (Fritsche et al., 2012; Nairz
et al., 2010). Furthermore, the importance
of iron in host responses to infection is
highlighted by the observation that
several innate phagocyte-resistance
genes, notably natural-resistance-associ-
ated macrophage protein 1 (NRAMP-1),lipocalin 2, and nitric oxide (NO), exert
their antimicrobial activity by limiting the
availability of iron to microbes. The ability
of these proteins to modulate cellular iron
homeostasis is partially interconnected
(Fritsche et al., 2012). NRAMP-1 is a
phagolysosomal protein that confers
resistance to infection with intracellular
pathogens by modifying metal and
hydrogen fluxes across the phagolysoso-
mal membrane and reducing intracellular
iron content, thereby promoting antimi-
crobial host immune responses (Cellier
et al., 2007). Lipocalin 2 is a small peptide
that binds certain iron-laden bacterial
siderophores, such as enterobactin, thus
inhibiting this iron scavenging system
and limiting the growth of several Gram-
negative bacteria (Chakraborty et al.,
2012). Finally, NO has recently been
shown to exert antimicrobial effects by
inducing the expression of the cellular
iron exporter ferroportin, which pumps
iron out of the cell, in macrophages. Thisbe 14, July 17, 2013 ª2013 Elsevier Inc. 3
